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Abstract : This article reports the synthesis of
ZnO nanostructures and its characterization by hy-
drothermal method. Different zinc saltssuch aszinc
nitrate, zinc acetate and zinc sulfate are used asre-
gentsfor the growth of ZnO nanostructures. The ef-
fect of counter ions (NO,, CH,COO  and SO,*) on
the structural, morphol ogical and optical properties
isinvestigated. The different counter ions show the
effect on the morphology of ZnO samples, in turn
cause the different optical emission properties. X-
ray diffraction (XRD) patterns indicate that ZnO
nanostructures possessthe hexagonal wurtzite struc-
tureand Gine crystalline size, regardless of the counter
ions. Scanning el ectron microscopy (SEM) and trans-

INTRODUCTION

Zinc oxide (ZnO) nanostructures have attracted
great interest because of their unique optoelectronic
properties and various applications in sensors, so-
lar cells, electrochemical cells and flat panel dis-
plays etc€. ZnO hasrich family of nanostructures
and its propertiesdirectly depend on the microstruc-
turesof the material ssuch asorientation, crystal size,

mission electron microscopy (TEM) images show
that various morphologies such as nanoflowers,
nanoflakes and nanoprisms are obtained from zinc
nitrate, zinc acetate and zinc sulfate precursors, re-
spectively. The spectra of photoluminescence and
Raman show ZnO nanostructures synthesized from
various precursors have different intensity of emis-
sion bands, which shows the presence of various
crystal defectsand oxygen vacanciesinthe samples.
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morphology, as well as aspect ratio. Since the mi-
crostructures strongly affect the optoel ectronic prop-
ertiesof ZnO, itishighly desired to control the mor-
phology of ZnO nanostructures for its effective ap-
plication. Great efforts have been paid to control
the size and shape of ZnO nanomaterial 9. In the
processof ZnO nanostructurs synthesis, the morphol-
ogy of ZnOisaffected by many factors, such assyn-
thesis methods, synthesistechnology, synthesis pre-
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cursors etc>23,

The commonly used precursorsfor the synthesis
of ZnO nanomaterials are zinc nitrate, zinc acetate
and zinc sulfate. Different kinds of anionic species
inthe solutions have different nucl eation and growth
kinetics, which can greatly influencethe growth man-
ner, size, crystallographic and the morphol ogy of the
ZnO and their properties. However, most previous
studies only used a single zinc salt, and the influ-
ences of different anonic species from starting ma-
terials on the morphology and structure of the ob-
tained ZnO nanostructuresislessstudied.

Hydrothermal method is an important technol-
ogy in synthetic material. By using this method, one
can get completely developed crystal grains with
uniform size. In this work, we reported the effects
of different precursors such as zinc acetate, zinc ni-
trate, aswell as zinc sulfate on the morphol ogy and
optoel ectronic characteristics of ZnO nanostructures
synthesized by hydrothermal method, and analyzed
the causes of these results.

EXPERIMENTAL

Materials

Zinc nitrate hexahydrate (Zn(NO,),-6H.0,
>98%), zinc acetate dihydrate (Zn(CH,COO),:2H.0,
>99%), zinc sulfate heptahydrate
(ZnSO,- 7H,0,>99.5%), potassium hydroxide (KOH,
>98%,) were used asreceived. All thereagentswere
analytically pure and used without further purifica-
tion. Distilled water was used throughout the ex-
periment.

Synthesis

Synthesis of zinc oxide nanoparticles from zinc
nitrate

In this experiment, 40 mL of 0.04 M Zn (NO,),
solution was added into 40 mL of 0.16 M KOH so-
[ution. The mixture was sonicated for 30 min, and
then sealed into a Teflon-lined stainless-steel auto-
clave. The autoclave was heated at 120 °C for 3 h
and then cooled down to room temperature naturally.
The precipitate generated by chemical reaction was
centrifuged and washed with distilled water and
ethanol threetimes, and dried at 70 °C in air.

Synthesis of zinc oxide nanoparticles from zinc
acetate

ZnO nanoparticles from zinc acetate were syn-
thesized by using the same process as mentioned
above. Theonly differencewasthat Zn (NO,), solu-
tionwas atered to 0.04 M Zn (CH,COO), solution.

Synthesisof zinc nanoparticlesfrom zinc sulfate

ZnO nanoparticles from zinc sulfate were syn-
thesized by using the same process as mentioned
above. The only difference was that 0.04 M Zn
(CH,COO0), solution was altered to 0.04 M ZnSO,
solution.

Characterization

The x-ray diffraction (XRD) pattern was mea-
sured by X’ PertPRo diffractometer (PANalytical)
with parameters of step = 0.02, time/step=5's, and
the same dlitsfor the two samples. Thetarget is Cu
K« (L =1.54 A), with the power of 30 kV x 30 mA.
he scan rate was fixed at 0.1°/s in order to record
the XRD patterns for the 20 range of 30°"80°. The
surface morphology of the samples was studied by
using scanning el ectron microscopy (SEM) (SEM,
LEO 1530 VP). Transmission e ectron microscopy
(TEM) images were obtained by using a JEOL
2010H microscope (TEM) operating at 100kV. The
samples for TEM analysis were prepared by drop-
ping dilute ethanol solutions of ZnO nanocrystals
onto carbon-coated copper grids. Photoluminescence
spectra(PL) of ZnO samplesfor the measurement of
optical properties were taken using a fluorometer
(JY FL-3), instrument with 450 W X enon lamp source
and 325 nm excitation wavel ength and recorded the
curves in the region of 350~600 nm. Raman spec-
trum was measured at room temperature by using
Ar*-ionlaser (488 nm) asthe excitation sourceon a
commercial scanning near-tield optical microscope
(Alpha SNOM, WITec).

RESULTSAND DISCUSSIONS

Theresultsfrom XRD

Figure 1 shows that the X-ray diffraction pat-
terns of ZnO nanostructures synthesized from zinc
nitrate, zinc acetate, and zinc sulphate. All the
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Figure 1 : X-ray diffraction patterns of ZnO

nanostructures synthesized from different zinc salts

samples have same 26 values of peaks at 31.75°,
34.4°,36.24°,47.48°,56.56°,62.76°, 66.32°, 67.96°,
69.16°, 72.6°, and 77°, corresponding to the (100),
(002), (101), (102), (110), (103), (200), (112),
(201), (004), and (202) planesof ZnO, respectively.
The samples can be directly indexed to the hexago-
nal wurtzite structure irrespective of counter ions,
and the lattice parametersarea=b =0.3254 nm, ¢
= 0.521 nm, which agrees well with JCPDS card
no. 36-1451. There are no other diffraction peaks
detected, indicating that the synthesized ZnO samples
have high purity.
Growth mechanismsand mor phology

Generally, the formation process of ZnO
nanocrystal's can be divided into two stages: crystal

nucle and crystal growth. Thereactionfor thegrowth
of ZnO nanocrystals may be described asfollows4,

Zn*+20H«©Zn(OH), (1)
Zn(OH),+20H«[Zn(0OH),]* (2
[Zn(OH) J?¢> ZnO+20H+2H,0 (3)

At the beginning of this process the white
Zn(OH), precipitatesis obtained[see reactions (1)].
Next, as the KOH is added into the Zn?* agueous
solution, some of the OH- ions in the solution may
react with Zn(OH), precipitates, resulting in an ag-
glomerate with theform of[Zn(OH),]*[seereactions
(2)]. Findly, alarge number of ZnO nuclei form from
the dehydration of[Zn(OH),]* when the concentra-
tionsof Zn** and OH" ions exceed thecritical value,
and a subsequent crystal growth process
devel ops[see reactions (3)].

Figure 2 : SEM images of ZnO nanostructures synthe-
sized from different zinc salts. (a) zinc nitrate, (b)zinc
acetate, (c)zinc sulfate

Figure 2 presents the SEM images of ZnO
nanostructures which were synthesized from differ-
ent zinc salts. Obviously, the morphologies of these
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samplesare quite different from each other, suggest-
ing that different counter ions play akey rolein the
different morphologies of ZnO nanostructures.
Flower-like nanostructures consisting of many well-
aligned nanopetals with an average length of 200
nm and a width of 100 nm in Figure 2(a) are ob-
tained from zinc nitrate precursor. The microstruc-
tures are very similar to beautiful natural flowers.
The radialy oriented nanostructures are supposed
to be the condensation of nanocrystallines. Due to
the nitrate ion in the reaction system, when using
KOH asmineralizer, thereisno buffer reagent inthe
mixture so that the rate of growth increased com-
pared to the acetate-K OH and sulfate-K OH systems.
Theenvironment of growth isrelatively unstable, at
the early reaction stage, ZnO spontaneously nucle-
ates from the solution of Zn(OH),> to multinuclel
aggregates. As the reaction proceeding continues,
these multinuclel aggregates can serve as the sites,
in which each nucleu in the aggregate grows aniso-
tropically along the[0001] direction to form the
flower-like ZnO nanostructures.

Thin nanoflakes with average length of 300 nm
and thickness of 50 nm in Figure 2(b) are obtained
from zinc acetate precursor. It is suggested that ac-
etate ion has a strong ability to connect with posi-
tively charged zinc atomsin the Zn enriched surface
planes (1011) of the ZnO particlesthrough the-COO-
and -OH groups, and suppress the growth
along[0001] orientations. Acetate ion forms an
amphiphilic capping layer which potentialy prevents
extensive fusion of the particlesin the same way as
citratesare used during the controlled growth of com-
plex and oriented ZnO structures®®.

Cone-shaped prisms in the Figure 2(c) are ob-
tained from zinc sulfate precursor. The average di-
mensions of the observed ZnO are in the range of
50-200 nm. It is indicated that these prisms stem
from the oriented self-assembly and condensation
of the nanoprisms along the c-axig0001]. Due to
the strong akaline solution, the dominant state of
the deposited zinc hydroxide precursor isZn(OH), >~
specie, which is absorbed on the most positive sur-
faces (0001) of ZnO nucleus and continue to grow-
ing on the surface of ZnO. However, these growth
units with negative charge repel each other in the

case of excess absorption, the rate of (0001) sur-
face slow. Then some growth units tend to the sec-
ond positive or even third positive surfaces, so all
surface has certain growth rates. Finally, zinc oxide
forms as cone-shaped prisms.

From the aboveimages, the morphol ogiesof three
samples are further characterized by TEM. Flower-
like nanoparticles, nanoflakes and amorphous par-
ticles are obtained from zinc nitrate precursor, zinc
acetate precursor and zinc sulfate precursor, respec-
tively. They all agree with the SEM images well.
By comparing the SEM imagesin Figure 3, itisfound
that the sampl e synthesized from zinc nitrate are com-
posed of small nanoparticles[Figure 3(a)], which
aggregates to pieces of petals. The rode-like thing
synthesized from zinc acetate in Figure 3(b) is the
nanoflake upright, not the nanorods. Figure 3(c)
showsthat the samplefrom zinc sulfate consistswith
small cone-shaped particles and small rods.

Figure 3(a) give the structure of a ZnO flower
with a good shape, and the Figure 3(d) show one
petal of it and the corresponding selective areaelec-
tron diffraction (SAED) pattern of this individual
petal. The TEM graph of the petal prove that the
petal is not a single-crystal rod but an assembly of
some particles with very small diameter. Corre-
spondingly, the SAED pattern presented in Figure
3(d) is characterized by the symmertrical stripes, as
we all known, indicating that in the petal there are
some ordered arrangement of crystallites.

Photoluminescenceof ZnO particles

The optical properties were identified by using
PL spectrawith an excitation wavel ength of 325 nm.
Figure 3 indicates that al samples show the same
broad emission ranging from 360 nm to 560 nm. The
emission peaks are at 396, 437, 486 and 522 nm,
which belongs to the violet, blue and green region.
But the intensity of emission bands is found to be
different, and the order of PL spectra intensity of
ZnO samplesis noted to bein the order of nitrate <
sulfate < acetate, which may be due to different
counter ionsresulting in different morphologiesand
optical properties. Although the origin of theseemis-
sionsis il in controversy!®, PL spectra of ZnO
have been explained with various mechanisms. Com-
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Figure 3 : TEM images of ZnO nanoparticles synthesized from different zinc salts: (a) zinc nitrate, (b) zinc acetate,

(c) zinc sulfate

monly, the band-edge emission at 396 nm is attrib-
uted to the recombination of excitons, and the vis-
ibleemissioninZnOisattributed to different intrin-
sic and surface defectg'¢2, It has been reported that
the PL spectral intensity specifiesthe content of sur-
face oxygen vacancies and crystal defects of the
sample. If the spectral intensity is higher, the sample
may have high oxygen vacancies and defects?Y.
Moreover, the content of surface oxygen vacancies
and defects in the sampl e decreases with increasing
particlesize. Therefore, ZnO nanostructures synthe-
sized from zinc nitrate show lower intensity of PL
spectrum, whichisdueto thelarge particlesize and

fewer oxygen vacancies and defects. However, ZnO
sample synthesized from zinc acetate possesses
smaller particle size as seen from the SEM and TEM
images, so that it has more oxygen vacancies and
defects, and itsintensity of PL spectrum s higher.

Raman spectraof ZnO samples

Raman spectraare known to be an effective tech-
nique for investigating the crystallization, structure
and defectsin nanostructure materials. According to
the group theory, hexagonal wurtzite ZnO belongsto
the C,,* space group, and exists the optic modes Lot
=A,+2B,+E +2E,22-24]. WhereA, and E, are po-
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Figure 4 : TEM micrographs of flowerlike ZnO
nanostructures: (a) the tip structure of one petal and its
SAED pattern

lar modes and are Raman active, whereas the B,
modes are Raman inactive (silent modes). The two
non-polar E, modes (E, (low) and E, (high)) are
also Raman active. Moreover, A, and E, modes can
split into transverse optical (TO) and longitudinal
optical (LO) phonons. Figure 5 shows the Raman
spectraof ZnO samplesfrom different zinc salt pre-
cursors. The Raman spectra curves of ZnO
nanostructures from zinc nitrate precursor and zinc
sulfate precursor are almost the same. The peaks
areat 201, 331, 382, 438, 533, 584, 663, 1105, and
1153 cm't. The peak of ZnO nanostructuresfrom zinc
acetate curve precursor isonly at 438 cm™.

The characteristicwurtzite E, (high) mode at 438
cm?is observed in al these samples, which con-
forms the characteristic peak of the hexagonal
wurtzite phase and crystal quality’®. The peak at
382 cn? corresponds to transversal optica mode
with A, symmetry, The peaks at 201, 331, 533 and
1030-1200 cm* correspond to the second order
Raman scattering, which arisesfrom zone-boundary
phonon scattering??7, The peak at 584 cm™* corre-
sponds to longitudinal optical LO modes with E;
symmetry. No Raman peaks related to impurity
phases are observed, which confirms the pure
wurtzite phases in the ZnO samples. A remarkable
high Raman intensity of ZnO nanostructuresfrom ni-
trate precursor isobserved, which aso further shows
ZnO samples from zinc nitrate with larger particle
Sizes possess fewer oxygen vacancies and defects.
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Figure 5 : PL spectra of the three samples synthesized
from different zinc salts.

The results here are quite well consistent with that
foundin PL spectra.

CONCLUSION

In summary, a hydrothermal method has been
adopted to synthesize ZnO samples by using zinc
nitrate, zinc acetate and zinc sulfate as precursors.
Different nanostructures were obtained, such as
nanoflowers, nanoflakes and nanoprisms. The dif-
ferent counterions show an important influence on
the morphology, crystal quality and optical proper-
tiesof synthetic ZnO samples. Theresults show ZnO
samples from zinc nitrate with larger particle sizes
possess fewer oxygen vacancies and defects, while
acetate sample with smaller particle sizes has more
oxygen vacancies and defects. We also analyze the
causes of these resullts.
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